Intensive forest management and effective prevention of natural disturbances have caused major changes in forest ecosystems and many forest habitats and species are now threatened. Retention forestry and prescribed burning are methods that aim to bring the legacies of forest management closer to those of natural disturbances and to maintain biodiversity in managed forests. In this thesis, the effects of these two methods on biodiversity are explored by studying retention tree dynamics, and changes in the assemblages of beetles (Coleoptera) and flat bugs (Heteroptera: Aradidae, Aradus). The study is based on a 10-year long, replicated field experiment on boreal pine dominated forests in eastern Finland. The data includes 2758 individually marked retention trees on 24 sites, which were followed individually over a 10-year period. Species inventories from the experimental sites resulted in a dataset that included 468 species and 60,879 identified individuals.
Retention forestry and prescribed burning result in high saproxylic beetle species richness but also produce major changes in assemblage composition in earlysuccessional forests. However, species richness remained unchanged only in unharvested forests but collapsed at harvested sites over the ten post-disturbance years.. 
INTRODUCTION

Background
Boreal forests compose one of the largest biomes in the world (Hansen et al. 2010) and are a major component of European forest ecosystems. Although these forests harbor a significant part of European biodiversity, the trend of global biodiversity decline is also evident in boreal forests and action to halt the decline is essential (Haila 1994; Esseen et al. 1997) . In northern Europe, the current area of protected forests is too small and fragmented to be able to maintain forest biodiversity (Hildén et al. 2005; Angelstam et al. 2011) . Furthermore, the establishment of sufficient additional set-aside areas and ecologically representative conservation areas is unlikely because of the lack of suitable natural forest stands and landscapes (e.g. Kouki et al. 2001; Richardson et al. 2007; Bouget et al. 2014) . Thus, effective conservation methods are also needed in managed forests.
The boreal forest is not a naturally stable ecosystem, and this key finding can be used to develop forest management measures towards ecologically more sustainable activities (e.g. Attiwill 1994; Niemela 1997) . Natural disturbances, such as fire, storm, insect outbreaks, diseases etc., which are subject to large spatial and temporal variation, have been a characteristic feature in boreal forests over the centuries. Repetitive cycle of disturbances and post-disturbance succession has been major driver in the development of the structure of natural boreal forests (Kuuluvainen 2009) . Although large-scale stand-replacing disturbances by fire, windstorm and insect outbreaks cause the most dramatic changes in forest structure, also smaller-scale disturbances have played a major role in driving forest dynamics. Especially in forest areas with long fire cycle, the tree mortality has mainly been uneven and small-scale and caused by competition, fungi, insects etc., resulting in small-scale gap dynamics (Kuuluvainen 2009 ). The wide variability in the frequency and severity of natural disturbances is important for the maintenance of stand-and landscape-level heterogeneity in natural forests (Kuuluvainen 2002 (Kuuluvainen , 2009 ). Forest species have evolved with disturbances and a large proportion of them can utilize resources effectively in post-disturbance conditions. Thus, natural early-successional forests, which occur after stand-replacing disturbance and contain a large amount of diverse dead wood, are typically highly species-rich habitats (Kouki et al. 2001; Junninen et al. 2006; Swanson et al. 2011 ).
Wildfire is a major natural disturbance in boreal forests (Esseen et al. 1997; Pitkänen and Huttunen 1999; Wallenius et al. 2004 ). Thus, natural fires can also be used as a model to develop management actions, although this requires an in-depth knowledge of the behavior and effects of fires in forest ecosystems. The effect of fire on species assemblages in forest habitats is partly destructive, but also regenerative: many individuals are initially killed, but at the same time competition-free substrates and a large amount of diverse dead wood are generated by fire (Esseen et al. 1997; Franklin et al. 2000; Boulanger and Sirois 2007; Schowalter 2012) . Several species have evolved to live in fire-related disturbances, and some of them are clearly dependent on burned habitats, i.e. pyrophilous (Wikars 1997) . Furthermore, though the immediate impact of fire is often destructive for some species groups, such as plants, polypore fungi and epiphytes (Junninen et al. 2008; Hämäläinen et al. 2014; Johnson et al. 2014) , the effect can turn positive in the longer-term. For example, the immediate decline in polypore fungi species richness on burned sites is quickly reversed, most likely due to increased quantities of available dead wood (Penttilä et al. 2013; Suominen et al. 2015) .
Currently, intensive forest management has led to the suppression of natural fires, and clear-cutting has become the most common disturbance type in a large part of boreal forests, particularly in Fennoscandia (e.g. Linder and Ostlund 1998) . Clear-cutting has been argued as an appropriate method for harvesting in fire-susceptible boreal forests that also naturally encounter recurrent stand-replacing disturbances (Mielikäinen and Hynynen 2003) . There are, however, obvious differences in the structural and biological legacies of these natural and anthropogenic disturbances at both the stand-and landscape-levels (McRae et al. 2001; Siitonen 2001; Nitschke 2005; Junninen et al. 2006 ) and clear-cutting does not reflect the complexity of disturbance-succession cycle of natural forests (Kuuluvainen 2002; Bergeron and Fenton 2012) . Large-scale natural disturbances typically leave a large and diverse volume of dying and dead wood, snags and coarse woody debris as legacies, but also living (injured) trees. Clear-cut stands appear quite different and the dead wood consists mostly of stumps and small size logging residues and living trees are totally absent (Franklin et al. 2000; Siitonen 2001; Swanson et al. 2011 ). At the landscape-level, wildfires cause naturally large numbers of small and small numbers of large disturbances with very variable frequency (McRae et al. 2001) . Instead, the size of harvested units are usually small. Furthermore, harvesting frequencies are typically dictated by rotational age at a merchantable size, according to commercial optimization (McRae et al. 2001) . Large scale application of clearcutting and other intensive forest management practices, such as planting, thinning and removal of dead trees, together with the decrease of old-growth forests has led to an evenaged structure, and to the loss and fragmentation of biological legacies (Kouki et al. 2001; Olsson et al. 2012) . Although the majority of boreal forest-dwelling species are likely to be able to tolerate major disturbances, they are not able to survive or recolonize post-disturbance forests if essential resources are insufficient or even absent (Thorn et al. 2015) . Changes in post-disturbance legacies, particularly the decline of dead wood, have caused biodiversity loss in boreal forests and have threatened the existence of a large amount of forest-dwelling species (Tikkanen et al. 2006; Rassi et al. 2010; Stokland et al. 2012b ). For example, forests are the main habitat for more than one third of all Red-Listed species (37.9% of 1880 species) in Finland. The main threats to these species are decreased amounts of dead wood, forest management practices in general, changes in tree species composition and reduction of oldgrowth forests (Rassi et al. 2010) . Of these threats, the lack of dead wood is the most common cause of decline for threatened and near-threatened species in Finland (Rassi et al. 2010) . Therefore, the maintenance of a sufficient volume of diverse dead wood in forests is a key element when aiming to sustain forest biodiversity. Currently there is a risk that the shortage of dead wood in forests becomes even worse, and thus increase the biodiversity loss, as harvesting of stumps and slash for fuel has become more common (Toivanen et al. 2012; Jonsell and Schroeder 2014 ).
Emulating natural disturbances in forest management -methods, benefits and risks
The application of harvesting methods that more closely emulate natural disturbances, instead of traditional clear-cutting, can be employed to prevent further species loss and to bring naturally occurring biological legacies into post-harvest forests. Retention forestry and prescribed burning are examples of such methods (Hunter 1993; Franklin et al. 1997) . Gustafsson et al. (2012) defined retention forestry as the harvesting method that intentionally retains important structures and organisms such as living and dead trees and intact forest patches on site for the long term. The design and level of retention forestry differs considerably depending on the local environmental conditions, social acceptance and policy settings (Gustafsson et al. 2012) . Applying retention forestry instead of full clear-cutting has several potential beneficial effects on forest biodiversity. It can maintain structures and functioning of pre-harvest forests, enrich habitat types in the early-successional stages and enhance landscape connectivity and, thus, help species to "lifeboat" and re-colonize during the post-harvest years (Franklin et al. 1997; Gustafsson et al. 2010; Baker et al. 2013) . Retention trees can provide shelter for species and buffer the microclimate, particularly if the size of the retention tree aggregates are large enough (Baker et al. 2013) . For example, living retention trees provide valuable habitats for epiphytic bryophytes and lichens (Lõhmus et al. 2006; Caners et al. 2010; Gustafsson et al. 2013) , forest birds and mammals (Lance and Phinney 2001; Gitzen et al. 2007; Zwolak 2009 ), corticolous arthropods (Halaj et al. 2009 ) and ectomycorrhizal fungi (Dahlberg et al. 2001 ) during the early-successional years. Postharvest death of retention trees can maintain a supply of coarse dead wood, which benefits saproxylic species especially (e.g. Hyvärinen 2006; Hyvärinen et al. 2009 ), i.e. the species dependent on dead wood (Speight 1989) . However, several species that demand intact forest as their habitat, are not able to survive in small-sized retention patches, but demand patches of several hectares of their sizes (Lee et al 2015) .
Although retention forestry is a promising method for the emulation of natural disturbances, it still lacks some essential characteristics of natural disturbances. For example, combining retention with prescribed burning potentially adds a significant near-to-nature element to harvesting and can further decrease the negative effects on biodiversity. Burning has the potential to increase and diversify coarse dead wood by killing trees, and thus is able to generate new habitats for saproxylic species, and for pyrophilous ones in particular. Prescribed fire has been shown to have rapid positive effects on various taxa, particularly beetles (Saint-Germain et al. 2004; Hyvärinen et al. 2005; Hyvärinen 2006 ), but also flatbugs (Johansson et al. 2010 ) and woodpeckers (Hutto 2008) .
The succession-cycle of boreal forests is rather long and the growth of trees fairly slow. The development of trees from a set of young saplings to closed canopy takes decades and the trees can live for several hundreds of years. For example, in Fennoscandia the oldest recorded pine trees are 700-800 years old (Andersson and Niklasson 2004) . It is clear that species assemblages undergo change throughout the succession. Therefore, if only the immediate and short-term effects of certain methods are studied, valuable insights into how these actions affect the forest throughout the succession cycle will be missed. To be able to evaluate the effect and benefits of retention forestry over the longer-term, extended analyses of species assemblages are needed. Similarly, it is essential to understand the dynamics of retained trees during the post-harvest years, as this determines their role as legacy structures. Previous studies have reported high windthrow mortality rates in retention trees during the initial post-harvest years (e.g. Hautala and Vanha-Majamaa 2006; Jönsson et al. 2007; Lavoie et al. 2012) . Fire-caused tree mortality has been shown to be high in mature forests (Swezy and Agee 1991; Butler and Dickinson 2010) . Studies that simultaneously analyze the effects of both fire and retention forestry on ecosystem characteristics (such as tree mortality) or species are rare.
One aim of natural disturbance emulation is to increase the amount of dead wood in the forest in order to provide habitats and resources for threatened biota. A potential side-effect, however, is that the increased amount of fresh dead wood also increases the risk of bark beetle (Coleoptera: Curculionidae, Scolytinae) outbreaks. In northern European boreal forests the risk of such outbreaks is high, especially in Norway spruce forests (Picea abies (L.) Karst.), where the Ips-species (and Ips typographus (L.) in particular) can potentially cause severe damage to the tree stand (Schroeder and Lindelöw 2002) . In Scots pine (Pinus sylvestris L.) dominated forests, potential pest species are the pine shoot beetles; Tomicus piniperda (L.) and Tomicus minor (Hart.) (Långström 1983) . Clearly, there is also a need to evaluate any potential and perhaps unwanted side-effects that new management measures may have on the tree stand.
Insects -study organisms
Insects are the most species-rich group of animals in the world, and account for more than half of the worlds known biodiversity. Beetles (Coleoptera) are the most species-rich group of insects (Foottit and Adler 2009) and are a highly suitable group for ecological studies, due to their high level of specificity to different ecological conditions and habitats. Beetles occupy virtually all terrestrial and fresh water habitats apart from Antarctica, and also include a high and ecologically diverse number of forest-dwelling species. There is a large amount of saproxylic species among beetles and dead wood is a very large and diverse resource base, which includes a large amount of different niches and microhabitats (Stokland et al. 2012a ). Typically, saproxylic beetle species have specialized in the consumption of different fractions of this resource (Speight 1989; Grove 2002; Hjältén et al. 2012; Stokland et al. 2012a ). Thus, saproxylic beetle diversity also acts as a good indicator of resource diversity. Furthermore, beetles have been shown to be adversely affected by intensive forestry (e.g. Grove 2002; Rassi et al. 2010) , which emphasizes the suitability of this group for studies that aim to test ecologically sustainable methods for forestry.
Saproxylic beetles are significant contributors to ecosystem processes and functioning through the decomposition of wood (e.g. Angers et al. 2012; Jacobs and Work 2012; Ulyshen 2016) . Thus, the analyzes of functional diversity and assemblage changes in saproxylic beetles widens our knowledge of whole ecosystem functioning.
In addition to saproxylic beetles, several other beetle groups are also indicative of the effect that forest management and natural disturbance emulation may have on biota. Ground beetles include several species associated with open habitats, but also species considered to favor closed forests (Koivula 2002; Niemelä et al. 2007) . Several species have a poor dispersal ability. The forest-dwelling ground beetles are generally not associated with dead wood but rather with microclimatic conditions in the forest (Niemelä et al. 1992; Koivula 2002) . Still, there are also some species, such as Sericoda spp and Dromius spp., which live almost completely on standing trees. Thus, the study of ground beetle assemblages provides useful information on the significance and effect of retention tree aggregates in saving the assemblages of closed forests. Several ground beetle species favor burned forests, including threatened species, such as Sericoda bogemannii (Gyllenhal) (Vulnerable, VU) and Pterostichus quadrifoveolatus Letzner (Near Threatened, NT), which emphasizes the suitability of this group for studies that explore the effects of fire (Lundberg 1984; Wikars 1992 ).
In addition to beetles, some other invertebrate groups play a key role in the evaluation of the effects of retention and prescribed burning. Flat bugs (Heteroptera: Aradidae, Aradus) is a poorly studied group of forest-dwelling insects. A total of 21 Aradus-species occur in Fennoscandia, of which 18 have been recorded in Finland (Rintala and Rinne 2010) . Nearly all species are obligatory saproxylics, and seven of them are pyrophilous (Wikars 1997) . As many as six of the 18 species are Red-Listed in Finland, and two of them classified as Regionally Extinct (RE) (Rassi et al. 2010 ). Both extinct species are pyrophilous. Thus, flat bugs comprise a very sensitive and informative group for studies that aim to explore the effects of prescribed burning on pyrophilous species.
Aims of the thesis
This thesis explores the effects of two near-to-nature methods; retention forestry and prescribed burning, on tree dynamics, forest invertebrate biodiversity and the risk of insect outbreaks. Post-harvest dynamics of retention trees were explored in a tree level study (I) that explored how the trees survive after logging and burning, and provide shelter and resources for species that require living and dead trees for their survival and recolonization. Biodiversity effects were explored by studying the assemblages of saproxylic beetles (II, III), saproxylic flat-bugs (IV) and ground beetles (V). Furthermore, the risk of insect outbreaks after the treatments was evaluated by studying the feeding intensity of pine shoot beetles at the study stands and in the adjacent forests (VI).
The main research questions were: 1. How do prescribed burning and retention level affect the mortality and tree fall dynamics of retention trees during ten post-harvest years? (I) 2. How do species richness and the assemblages of saproxylic beetles change over ten years after prescribed burning and retention forestry? (II) 3. What are the short-term effects of retention forestry and prescribed burning on the functional and phylogenetic diversity of saproxylic beetles? (III) 4. What is the short-term response of highly specialized and threatened insect genus; flat bugs, to prescribed burning and retention forestry? (IV) 5. How are the ground beetle assemblages affected by prescribed burning and retention forestry in short-term? (V) 6. Do retention trees or prescribed burning increase the risk of damage caused by pine shoot beetles (Tomicus spp) in adjacent forest stands? (VI)
MATERIAL AND METHODS
Study area and experimental design
This thesis is based on data collected over 11 years in a large-scale field experiment (Kouki 2013) . The experimental area is situated in eastern Finland, in the municipalities of Lieksa and Ilomantsi, in the middle boreal vegetation zone (Fig. 1) . The landscape of the study area consists mostly of mixed coniferous forests dominated by Scots pine and Norway spruce with a mix of deciduous trees, although swamps and small lakes are also common in the landscape.
Most of the forests in the region have been intensively managed, especially over the past 50-70 years, though some fragmented old-growth forests are still present. A total of 24 stands, each about 3-5 ha in area, were selected as experimental study sites. Those stands were initially about 150-years old forests (dominant canopy trees) that had been out of intensive forestry but showed signs of old selective cuttings. The average initial volumes of the growing stock and dead wood were 288 m 3 ha -1 (S.D. = 71.1) and 41 m 3 ha -1 (S.D. = 17.5), respectively. The dominant tree species was Scots pine (72% of total growing stock), and other common tree species were Norway spruce (22%) and birch (Betula pendula Roth and Betula pubescens Ehrh., 3% together). Furthermore, small numbers of other deciduous species, such as aspen (Populus tremula L.), grey alder (Alnus incana (L.)), goat willow (Salix caprea L.) and rowan (Sorbus aucuparia L.) were present. The experimental design consisted of two-factorial design, combining prescribed burning and four levels of harvesting: clear-cutting, 10 and 50 m 3 ha -1 tree retention levels (representing 3.5 % and 17.4 % of total volume of living trees) and an unharvested control (Fig. 2) . The logging treatments were defined on realistic forestry perspective. The lower retention level was chosen to represent the prevailing forestry practices in Fennoscandia (1-5% of pre-harvest volumes, Gustafsson et al. 2012) , and the higher level to correspond the dead wood volume where the number of saproxylic beetles reaches its asymptotic value in mature forests (Martikainen et al. 2000) . Each harvesting treatment was replicated six times, and half of those were subsequently burned. Consequently, there were eight treatment combinations with three replications of each (Figs. 2 and 4 2 and 300-500 m 2 in area at the lower and higher retention levels, respectively. Implementation of burning is described in detail in Hyvärinen et al. (2005) .
Data sampling and analysis
All retention trees were alive when the experiment was established in 2000. We followed the mortality and windfall rates in the retention trees over 10 post-harvest years by individually monitoring the trees in 2001, about one month after burning, and then again in 2005, 2008 and 2011, i.e. four, seven and ten years after the treatments (I).
Insect sampling was conducted with three methods: freely hanging window traps (FWT) were used for saproxylic beetles (II, III, VI), trunk attached window traps (TWT) for flat bugs (IV) and pitfall traps (PFT) for ground beetles (V) ( Fig. 3 ; Table 1 ). The window traps consisted of two crossed plastic panes (40 cm x 60 cm) and a funnel under the panes that fed into a one-liter container filled with a solution of water, salt and detergent. FWTs were hung on strings between pairs of poles or trees. In total, 240 FWTs (2000 -2003 ) and 240 TWTs (2000 -2003 were used; ten of both trap types were used at each stand. The PFTs consisted of 0.3 and 0.5 liter plastic cups, placed within each other, filled with a similar solution to that used in the window traps, and covered with a transparent roof that was set approximately 20-30 mm above the ground (Fig. 3) . Four groups of five PFTs were set (only in 2002) at each stand, to give a total of 480 traps in 96 groups. In the stands with retention trees, two of the groups were located inside the tree groups and two in the open harvested area. Sampling seasons were similar for all trap types and lasted from mid-May to early September each year: 16.5. All the beetles were identified to the species level with a few exceptions (neither saproxylic nor ground beetles). Only saproxylic (II, III) and ground beetle (V) data were used in analyses. All adult flat bugs were identified to species level (IV). In paper VI, only Tomicus-species data were used. Furthermore, for an evaluation of the crown damage caused by pine-shoot beetles, fallen shoots were counted in 2003 and 2004 from linear transects established in the forests that surrounded the study stands, and by counting the breeding galleries of Tomicus-species in the trees killed by fire (VI). Since the experimental design was based on the classic two-factor factorial design, the main method of analyzes was the factorial analysis of variance (ANOVA). Effects of prescribed burning, retention level and time since harvesting on the mortality and tree fall rates of retention trees (I), species richness of saproxylic beetles (II) and flat bugs (IV) and on the average number of fallen shoots in the transects (VI) were tested with factorial repeated measures ANOVA. Similarly, the effects of burning and retention level on abundance, species richness and average size of ground beetles (V) were tested with factorial ANOVA. In addition to the ANOVA-based analyses, assemblage compositions of saproxylic beetles, flat bugs and carabid beetles were visualized with non-metric multidimensional scaling (NMDS) (II, IV, V). Article III focused on the functional structure of saproxylic beetle assemblages and, thus, a functional-phylogenetic approach, based on species phylogeny, biological traits and species-specific resource requirements, was applied (Cadotte et al. 2013) . Statistical methods have been described in detail in the original articles I -VI.
MAIN RESULTS AND DISCUSSION
3.1 Fire increases mortality rates in retention trees, and leads to a diverse set of dead wood, although fire can also cause a lack of continuity in dead wood supply if the retention level is too low.
More than half of the total volume of retained trees died during the ten post-treatment years, although the pattern of tree mortality varied between treatments (I). Burning increased tree mortality rates at both retention levels. The majority of trees died in the burned stands and about one third in the unburned stands during the first ten post-harvest years. Fire-caused mortality of the trees was very high during or immediately after burning, especially at the lower retention level (10 m 3 ha -1 ) where almost all trees died immediately; only one single pine was still alive four years after the fire. At the higher retention level (50 m 3 ha -1 ), about half of the retained trees died immediately but many trees also survived, leading, over an extended period, to a diverse set of living, variably injured and dying trees, snags and fallen logs. The severity of fire on the logged areas was about the same at both retention levels, based on the amount of humus layer reduced in the fires (Laamanen 2002) . However, the retention tree groups were slightly larger at the higher retention level, which led to decreased logging residues within the groups and likely resulted in individual trees that were located in the middle of the groups escaping the effects of flames. This led to lower immediate mortality rates (I). Some delay in mortality was also observed. Fire-injured trees are less able to resist insect outbreaks, diseases and desiccation due to their weakened physiological condition, which caused additional mortality (Dixon et al. 1984; Harrington 1993 Harrington , 1996 Rasmussen et al. 1996) . Severely injured trees, however, die within a couple of years after burning (DeBano et al. 1998 ). This also happened in this study, where peak mortality rates were observed in the first four years after the treatments (I). At the unburned sites, tree mortality was much lower and quite constant at both retention levels. There were no differences in proportional mortality between the retention levels at the unburned stands.
Burning strongly increased the volume of snags, whereas at the unburned stands it remained rather low throughout the monitoring period (I). Quite a few retention trees fell down immediately after the treatments, especially at the burned stands, although the fall-rate declined quickly in subsequent years (I). This is consistent with the findings of Busby et al. (2006) and Urgenson et al. (2013) . The faster rates of tree fall at the burned stands compared to the unburned stands can, at least partly, be caused by weakened support of roots due to scorching of vegetation, humus and even the surface roots. However, the exact mechanism that causes this effect remained unclear.
Pines survived fire better than the other tree species (I), probably because its mean diameter was higher than that of the other species. Furthermore, the thick bark that covers the cambium, and the height of the crown bottom protects pines against scorching and damage (e.g. Ryan et al. 1988) . Dead pines also remained standing for a longer period than the other tree species, so that the majority of snags in 2011 were pines (I).
The quick death of retention trees in the burned areas increases the amount of dead wood in the post-harvest early successional stages. Fire creates mortality patterns that are uneven in space and time and, thus, provide highly diverse substrates for wood-living species (I). By increasing dead wood diversity, saproxylic species diversity is also enhanced (II; III; IV). Dead wood quality and quantity will decline faster at lower retention levels, especially at burned sites, where the mortality of trees is high, leading to a gap in the continuity of dead wood later in the forest succession. Higher retention levels provide a longer-term supply of fresh dead wood and can also better maintain living trees.
Retention forestry and prescribed burning result in high saproxylic beetle species
richness but also produce major changes in assemblage composition in earlysuccessional forests. However, species richness remained unchanged only in unharvested forests but collapsed at harvested sites over the ten post-disturbance years.
Both fire and logging had major impacts on the species richness and the assemblage compositions of saproxylic beetles (II, III). Prescribed burning and all logging treatments increased saproxylic beetle species richness in the first post-treatment year (II; see also Hyvärinen et al. 2005) . However, this effect was transient at all logged stands, and species richness had decreased to the pre-treatment level in the retention harvests and even lower in the clear-cut stands over ten years (II). At the unharvested stands, burning caused a long-term increase in species richness: after ten years saproxylic beetle species richness remained clearly higher than before burning, although it later declined slightly. A rapid increase in species was expected and was likely caused by increased resources for reproduction, such as fresh dead wood, especially stumps, logging residues and fire-killed retention trees. The effects of the treatments were not similar in the different saproxylic beetle functional groups, i.e. early-and late-stage xylophagous, mycetophagous and predators (II). Burning of unharvested stands increased species richness of all functional groups in the ten-year period. In the harvested stands, species richness of predators increased after burning of the forest stand in the short-term, but the effect had disappeared over the following years. Burning did not affect species richness of any other functional groups in the harvested stands. Harvesting led to an increase in early-and late-stage xylophagous species in the first post-harvest year, although they were not affected by burning. Increased logging intensity led to a decrease in mycetophagous, early-stage xylophagous and predator species richness over the 10-year period. The results indicate especially clear-cutting to be harmful for these three groups, as their richness was reduces clearly below the pre-treatment level during ten years.
Dead wood on the study sites clearly decomposed in the 10-year period; stumps and logging residues became more decayed and dead trees were mostly devoid of bark (Fig. 5) . Ten years after logging, no fresh dead wood was available in the clear-cut stands. High and rapid post-fire mortality of retention trees also resulted in an absence of fresh dead wood in the burned stands with retention trees over the long-term. Even at the higher retention level, the majority of retention trees had died and fallen during the ten post-treatment years at the burned stands (I, Fig. 5 ) and surprisingly, no difference was observed between the two retention levels in species richness of any of the functional groups (II).
Burning increased pyrophilous and rare and Red-Listed (RRL) species richness in the first post-treatment year (II). After ten years, species richness had increased at the burned unharvested stands, but had decreased at the logged stands compared to pre-treatment levels. At the burned unharvested stands, tree mortality had continued and new fresh dead wood was continuously available. This ensured a very diverse supply of dead wood, and thus provided habitats for species with variable resource preferences, and also provided RRL-species with a higher chance of survival (Saint-Germain et al. 2004; Boulanger and Sirois 2007; Hekkala et al. 2014) . Pyrophilous species are usually only able to utilize burned trees for a short period after which they disappear within a few years from burned forests. These species require a continuous supply of new burned wood as was also shown in study IV (see also Wikars 1997; Toivanen et al. 2014) .
The saproxylic beetle assemblages were affected by burning and harvesting and also by time (II). The assemblage shift caused by harvesting was stronger than that caused by burning. The assemblages of the burned unharvested stands clearly formed separate groups in both post-harvest years, and were situated closer to those of unburned controls in NMS. Retention trees brought assemblages closer to the controls at the unburned stands, but such a phenomenon was not visible in the burned stands. One year after the treatment, the assemblages of the stands differed clearly from the assemblages at the same stands nine years later. On the basis of these results, it is clear that ten years is too short a time for recovery of the assemblages of closed forests in logged areas. 
Prescribed burning and retention forestry result in functionally and phylogenetically clustered communities of saproxylic beetles, whereas clearcutting leads to random communities without clear species associations with certain resources
Fire and retention forestry led to increased species richness in the short term (Hyvärinen et al. 2005; II) . Furthermore, these changes were accompanied by clear changes in assemblage compositions (II, III). Functional-phylogenetic diversity of saproxylic beetles decreased from a random to a clustered pattern after burning and retention harvests, indicating environmental filtering of both processes (III). This implies that the assemblages of retention harvests became more similar, consisting of species phylogenetically related to each other and/or with similar resource or habitat preferences. These effects became more pronounced with increasing logging intensity. Species-level traits that were favored by burning and tree retention were connected to open-habitat conditions and early decay stages, whereas clearcutting revealed a random pattern without reference to specific resources. Thus, clear-cutting does not mimic the dynamics of wildfire, and results in different functional composition of species assemblages. The immediate effects of fire on species assemblages are simultaneously destructive and regenerative. A major part of the original insect population can be killed, but new individuals rapidly colonize the burned forest (Wikars 1997; McCullough et al. 1998; Boulanger and Sirois 2007) . The insects that colonize, however, include some very abundant species, species closely related with each other and species with similar traits and habitat preferences. Thus, fire functions as an environmental filter by clumping the functional and phylogenetic composition of species assemblages. Increased tree mortality rates following fire result in the generation and release of a large amount of new resources, and microclimate conditions are changed toward open canopy conditions (Moretti et al. 2010) . Such phenomenon was observed in study III with prescribed burning and retention forestry. High immediate mortality of retention trees caused a major increase in fresh coarse dead wood (I), and provided a large amount of adequate habitats for fresh wood feeders and the species that prefer early decay stages of wood in general. Rapid colonization also increased the availability of prey and thus increased the populations of predators (II, III). Unexpectedly, fire also increased late-stage xylophagous species (III).
Although the functional diversity of saproxylic beetles on unharvested forests and clearcuts did not differ (III), assemblage compositions were different (II). Clear-cutting led to a slight increase in fresh-and late-stage-wood feeders and mean body size was also increased (III). Dead wood consists mostly of old logs, stumps and logging residues and the supply of new dead wood is not continuous as in clear-cut stands. When retention forestry is applied, the amount of large-sized and fresh dead wood increases and the shadiness of the stand is decreased due to mortality of retained trees (I). This benefits light-associated species as well as species that prefer the early decay stages of dead wood (III). Due to high mortality and relatively small size of retention patches they were clearly not able to maintain closed-canopy forest conditions inside the patches (I; see also the response of carabid assemblages in study V). Harvesting at the higher retention level favored both fresh-and late-stage-wood feeders, while the lower retention level increased fresh-wood feeders only and led to a decrease in mycetophagous beetles (II, III). The phylogenetic and functional composition of beetle assemblages were more clumped at the lower retention level, indicating that a larger variability of resources was available at the higher level. The mean body size of saproxylic beetles increased in response to increased logging intensity (III). This was caused by the reduced proportion of small species in the habitats, as the amount of medium-sized species increased more than the amount of small species. Although small-sized species also increased after logging, numbers decreased with increasing logging intensity, indicating that the resources after intensive harvesting were more suitable for large species than for small species (III). One possible explanation for increasing amounts of medium-sized species could be their more strongly increased flying activity compared to smaller species at logged stands, but to verify this would need further research.
Pyrophilous flat bugs appear on burned sites immediately after fire but also disappear quickly within a few years.
Burning increased the number and abundance of pyrophilous flat bug species (IV). Two RedListed and very rare pyrophilous species; Aradus angularis J. Sahlberg (VU) and A. laeviusculus Reuter (NT), were observed in large numbers after burning: 31 and 43 specimens in total, respectively (IV). There are few previous records of these species in Finland (Heliövaara and Väisänen 1983; Lappalainen and Simola 1998; Rintala and Rinne 2010) .
My results indicate that pyrophilous flat bugs are able to find and colonize burning or recently burned forests very effectively (IV). Schmitz et al. (2010) have shown that some pyrophilous flat bug species have similar infrared-sensitive sensilla to those previously found in a pyrophilous jewel beetle Melanophila acuminata DeGeer for example (Evans 1964) . However, the effect of fire is transient at the stand level and the pyrophilous species disappear almost completely within two years (IV). For example, the records of A. angularis in study IV were almost all from 2001, immediately after burning. After that, the species was recorded only once in 2003. Clearly, in order to maintain these species recently burned forests should be continuously available at the landscape level.
Non-pyrophilous flat bugs disappeared during burning and were not recorded at all at the burned stands in 2001. However, they had recolonized the stands by the following year, and were more abundant than at the unburned stands by 2002. All the flat bug species recorded in study IV are mycetophagous species that forage for wood-living fungus (Heliövaara and Väisänen 1983; Rintala and Rinne 2010) . The effects of burning combined with the removal of dead standing trees can be destructive for this kind of species in the shortterm, as a proportion of old fallen dead wood and logging residues is burned and the rest is mostly scorched and charred. Furthermore, most of the original insect populations that live on the surface of the wood can be destroyed by fire, although the survival of wood-boring species inside large-diameter logs can be relatively high (Ulyshen et al. 2010) . There is a collapse in wood-living fungus populations during burning and they can be almost absent immediately afterwards, but recover within a few years (Junninen et al. 2008; Penttilä et al. 2013 ). In the long-term, the effect of burning is positive for polypore fungi (Penttilä et al. 2013; Suominen et al. 2015) , which most likely benefits non-pyrophilous flat bugs as well.
The results indicate that logging increased the abundance of flat bugs only when the retention trees were left during harvest (IV), although there were no differences between the two retention levels. Seibold et al. (2014) suggested large-diameter dead wood in sunny habitats is an important resource for flat bugs. In the retention harvests, the amount of coarse dead wood was also relatively high at the lower retention level due to high immediate mortality of the retention trees (I). Differences in species richness between the two retention levels may become visible in the lo nge r-te rm, because the dead w ood input is better maintained at the higher retention level. A lack of adequate resources for flat bugs in the clear-cut stands was likely, as the dead wood consisted mostly of stumps and logging residues and larger logs were absent.
3.5 Burning and logging increased carabid beetle species richness, but small sized retention tree aggregates were not able to maintain the assemblages of closed forests.
A total of 5770 ground beetles belonging to 63 species were collected in study V. One dominant species; Pterostichus adstrictus Eschscholtz with 3477 specimens, covered more than 60% of total catch. P. adstrictus was 21 times more abundant in the burned stands than in the unburned stands, although the pooled abundance of other species did not differ between the treatments. However, species richness in the first post-treatment year was clearly higher at the logged stands than at the unharvested stands, and burning increased species richness (V). Burning benefited species, such as P. adstrictus, Sericoda quadripunctata (DeGeer) and Bembidion grapii Gyllenhal, that are known to favor burned areas, but the majority of species that prefer open habitats were also clearly more abundant at burned rather than unburned stands. One Red-Listed and pyrophilous P. quadrifoveolatus (NT) specimen was observed at the burned stand at the lower retention level. The increase in species richness of the ground beetles was expected after harvesting, as the species that prefer open habitats are known to colonize those areas (Heliölä et al. 2001; Koivula 2002) . Burning decreased the mean size of species and increased the proportion of macropterous species (V). The proportion of macropterous species also clearly increased following harvesting. Similar findings have been reported previously by Holliday (1991) and Huber and Baumgarten (2005) . Both the smaller size and the larger proportion of macropterous species at the burned stands suggest greater turnover of species at the burned stands. Large species are often brachypterous, which have a poor dispersal ability and thus are slower to recolonize stands.
Some environmental variables; the characteristics of ground-layer vegetation, soil conditions, the amount of living trees and abundance of red wood ants, showed correlations with ground beetle assemblages and with some individual species but assemblage-level effects were not always reflected at species level. For example, increased abundance of red wood ants decreased the abundances of carabids in general, but this was not observed for Calathus micropterus (Duftschmid) and Notiophilus aquaticus (Linnaeus). Why do these species seem not to avoid ants, remained unclear to me. Dead wood characteristics did not affect the carabid assemblages. These correlations were generally consistent with the previous findings of (Niemelä et al. 1992; Koivula and Niemelä 2003) .
The retention tree aggregate areas at both retention levels were too small to maintain the assemblages of closed forests, which is consistent with the previous findings of Koivula (2002) and Gandhi et al. (2001) . Retention tree aggregates can, however, provide better food, shade and shelter than open areas of the same stands, and serve as breeding habitats for wood living species, such as S. quadripunctata. The ground beetles favored tree groups at the burned stands, and the assemblages within the groups were intermediate between uncut forests and open areas (V). This was not observed at the unburned stands, where dense vegetation and logging residues occurred and also provided shade and shelter in open areas. Ground beetles appear to have a good tolerance to disturbance and they in fact may benefit frequent use of prescribed fire, possibly because this maintains open and sunny ground and field layer.
Retention forestry and prescribed burning do not result in increased damage from pine-shoot beetles in adjacent forests
Methods that emulate natural disturbances increase the amount of dead wood in stands (I). In managed forests, biotic disturbances, such as diseases and insect outbreaks are usually prevented by salvage logging, but in emulating natural disturbances an increase in the amount of dead wood is the goal, and salvage logging is therefore not performed. In pine-dominated forests the risk of insect damage is mainly caused by pine-shoot beetles. Paper VI of this thesis shows, however, that retention forestry and prescribed burning, regardless of the amount of dead wood present, does not result in significantly increased damage in adjacent forests from pine-shoot beetles. The numbers of fallen shoots increased in the closest part of the adjacent forests (mainly 10 -20 m from the edge) in all harvesting treatments, returned to the background level at the clear-cut stands within three years, and remained at a somewhat increased level at the burned stand with retention trees. However, the number of fallen shoots remained at such a low level in all treatment combinations that foraging likely had only a negligible effect on the growth of trees. At the unharvested stands, burning increased the number of fallen shoots in only one stand where the intensity of the fire was sufficiently high to kill large pines, although the effect did not reach the unburned forest surrounding the burned area. Though the foraging of pine-shoot beetles increased somewhat after logging and burning in the surrounding forests, the effect was mostly restricted to the trees nearest the edge of the logged stands, and did not spread deeper into the adjacent forest. Similar effects have been later found in forest restoration by Komonen and Kouki (2008) .
CONCLUSIONS AND IMPLICATIONS FOR FOREST MANAGEMENT
Based on my observations on trees and insects, traditional clear-cutting does not emulate the ecological effects of natural disturbances in boreal pine-dominated forest. My results, however, provide substantial new evidence that retention forestry is a method that can significantly improve the level of emulation and maintain the forest structures that are important for biodiversity. The results of my thesis suggests that retention forestry can be applied to maintain some elements of pre-harvest species richness over ten post-harvest years, but it also shows that major changes in species assemblages do occur. The burned unharvested forests, which can be considered as comparable to natural fire disturbance, hosted a different assemblage composition and increasing species richness of saproxylics throughout the post-disturbance years, whereas the increase of species richness turned out to be transient at the harvested forests. Furthermore, to achieve the benefits from retention trees, it is essential to apply sufficient levels of retention. Although my results do not provide an exact recommended retention level, the results strongly suggest that the retention levels currently used, especially in Fennoscandia (1-5 % of preharvest volume, Gustafsson et al. 2012) , are too low to maintain diverse fauna and flora or to provide many of the objectives of retention. For example, larger retention volumes are needed to maintain the continuity of dead wood and living trees, and retention levels below 10 m 3 ha -1 can only provide a limited amount of resources for species over the long-term. However, it is unlikely that sufficient amounts of trees will be retained in all harvesting areas. This may not be even necessary if retention can be planned at the landscape-level so that high-retention stands are continuously available at a regional scale and within dispersal distance of species (see also Runnel et al. 2013; Bouget and Parmain 2016) . Further landscape-level research is, however, needed to explore the landscape-level effects on these factors. Furthermore, even at the higher levels of retention that were applied in my thesis the aggregates of retention trees were too small to enable maintenance of the assemblages of closed forests. Small-size aggregates operate under the edge effect and, thus, larger aggregates are clearly needed if the aim is to maintain closed forest assemblages (Aubry et al. 2004; Lee et al. 2015) . However, even small sized aggregates can probably enhance species survival and re-colonization at least in the short-term and especially in areas that are naturally susceptible to large-scale disturbances (Baker et al. 2013) .
Prescribed burning clearly benefits pyrophilous species, which have the ability to find burned areas. Thus, the availability of burned forests is important at the landscape-level, so that habitats for reproduction can be continuously found at distances that do not exceed the dispersal ability of species. The application of prescribed burning to retention forestry at a reasonable retention level provides a practical and feasible method to further enhance the emulation of natural disturbances, and leads to diverse assemblages of dead and living trees. Further research is needed to explore dispersal abilities of pyrophilous species but also saproxylics in general.
Finally, I was also able to show that these methods can be applied in northern European boreal pine-dominated forests without undue risks of insect pest damage. The risk of damage can be further reduced if the dead wood is generated after the swarming period of the pineshoot beetles (VI). It should, however, be kept in mind that this result is applicable only in pine-dominated forests, and insect outbreaks in spruce forests were not evaluated in this thesis.
In terms of novelty, my thesis increases the knowledge of the forestry practices aiming to emulate natural disturbances, providing significant new information of the effects of prescribed burning and retention forestry on forest biodiversity. In particular, my results enlarge the knowledge of the response of saproxylic beetles, by extending time scale and bringing functional-phylogenetic perspective into analysis. Also the taxonomic coverage of my studies is broader than in many previous studies (e.g. Hyvärinen 2006 ) and covers also ground beetles and flat bugs. Furthermore, retention tree dynamics and the risk of pest invasion have now been investigated.
To conclude, the results from my thesis show that the principle of emulating natural disturbances in managed forests is an appealing method to reduce the negative effects of forest management on biodiversity. Traditional clear-cutting deviates considerably from natural disturbances and cannot be considered as an appropriate way to mimic those disturbances. Based on detailed tree-and species-level analyses, I propose that the inclusion of prescribed burning with a sufficient volume of retention trees adds significant ecological values to the emulation principle. Although economic aspects were not considered in my thesis, if these measures can be planned at the landscape scale and implemented on carefully planned and selected harvesting sites, it is quite likely that the economic effects on timber revenues would remain marginal. In that case, emulation of natural disturbances can also become a highly important tool in managed forests that can significantly complement the value that full set-aside areas have on biodiversity maintenance and may help overcome the lack of natural, protected forests. Although the "emulated" post-harvest young successional sites do not fully resemble natural forests, there are clear novel possibilities to enhance the biological characteristics and biodiversity of these sites through more careful and ecologically justified emulation of natural disturbances.
APPENDIX 1. List of saproxylic beetle species included in this thesis
Although burning was not yet implemented in 2000, the numbers of individuals have nevertheless been divided in columns according to upcoming fire-treatments. NT = Near Threatened; VU = Vulnerable; Pyr.= pyrophilous species (according to Wikars 1997 
